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Macrophages are important mediators of injury in
most types of human kidney diseases; however, the
pathogenic importance of both macrophage number
and activation status is unknown. To examine this
question, severe-combined immunodeficient mice
with adriamycin nephrosis, an experimental model
of human focal segmental glomerulosclerosis, were
treated intravenously with either resting (1 � 106 to
5 � 106) or activated (1 � 103 to 1 � 106) macrophages
on day 6 postadriamycin administration, and the ef-
fects on kidney injury were examined. On day 28,
renal injury was worse in the group that received
activated macrophages at doses as low as 1 � 104

macrophages per mouse compared with control
adriamycin nephrotic mice. However, treatment with
resting macrophages at doses as high as 5 � 106 mac-
rophages per mouse had no significant effect on ei-
ther renal histology or function. The transferred ac-
tivated macrophages homed to inflamed kidneys
during the middle-to-late stages of the disease, but
such homing was not observed for resting macro-
phages. This study of in vivo cell adoptive transfer
supports the importance of macrophage activation
status over macrophage number in causing renal in-
jury. These data suggest that therapeutic strategies for
treating progressive kidney diseases should target ac-
tivated macrophages. (Am J Pathol 2008, 172:1491–1499;
DOI: 10.2353/ajpath.2008.070825)

Macrophages have been proposed as important media-
tors of injury in most types of primary and secondary
human kidney diseases.1,2 The density of macrophage

accumulation correlates with the degree of renal dysfunc-
tion and is predictive of disease progression.3 A variety of
strategies have been used to examine the role of macro-
phages in experimental renal injury, including adoptive
transfer of macrophages, systemic depletion of macro-
phages, blockade of molecules involved in monocyte
recruitment into the inflamed kidney, and gene modifica-
tion of macrophages.4–8 In both immune and nonimmune
models of kidney disease, a clear association has been
shown between macrophage accumulation and the se-
verity of renal injury.9,10

Adriamycin nephrosis (AN) is a robust experimental
model of human focal segmental glomerulosclerosis,
characterized by changes in both tubulointerstitial and
glomerular compartments.11 It can be induced in immu-
nocompetent mice, and also in severe-combined immu-
nodeficient (SCID) mice that are homozygous for an au-
tosomal recessive mutation that leads to absence of
lymphocytes and hypogammaglobulinaemia.12 Previous
studies in our laboratory have demonstrated macrophage
accumulation in both immunocompetent and SCID mice
with AN, and significant reduction of injury following mac-
rophage depletion or reduced macrophage recruitment
with chemokine C ligand 2 (CCL2) vaccination.6,13,14

Adoptive transfer of macrophages has been shown to
worsen inflammation in animal models of acute renal
injury.15–17 In contrast, macrophages with an anti-inflam-
matory phenotype induced by inhibition of nuclear factor
kappa-B-ameliorated renal injury in an animal model of
glomerulonephritis.18 In addition, macrophages trans-
fected or pretreated with anti-inflammatory cytokines
have been shown to reduce renal injury.19–21 These stud-
ies support the importance of activation status of macro-
phages in mediating renal injury.22,23 The influence of
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activation status on the potency of macrophages in their
effect on kidney diseases has not been explored fully.

The aim of present study was to determine the impor-
tance of macrophage activation status on renal injury. To
examine this, the effect of dose and disposition of resting
and activated transfused macrophages was evaluated in
SCID mice with AN.

Materials and Methods

Mice and AN Model

Six- to 8-week-old, male SCID and BALB/c mice obtained
from the Animal Resources Centre (Perth, Australia) were
used in this study. The Animal Ethics Committee of West-
mead Hospital approved all procedures. Dose-finding stud-
ies defined an optimal dose of 5.2 mg/kg body weight of
adriamycin (ADR; doxorubicin hydrochloride; Pharmacia &
Upjohn Pty Ltd., Australia). ADR was injected once via the
tail vein of each nonanesthetized SCID mouse.11

Macrophage Separation from Spleens and
in Vitro Culture Conditions

BALB/c mice splenocytes were harvested and washed in
ice-cold RPMI 1640 medium (Invitrogen, Australia). Tis-
sue was triturated with the sterile syringes, and the re-
sulting cell suspension was filtered through 40 �m nylon
mesh (BD Biosciences, Australia) and then incubated at
37°C for 30 minutes. The adherent cells were harvested
and purified by magnetic activated cell sorting CD11b�
MicroBeads (Miltenyi Biotec, Germany). These spleen-
derived macrophages were rinsed three times with RPMI
1640 medium. Cells were cultured at 37°C in humidified
5% CO2 in RPMI 1640 supplemented with 10% fetal
bovine serum in the presence or in the absence of CpG
DNA (10 �g/ml for 24 hours). CPG DNA was purchased
from Sigma-Genosys (Woodlands, TX). RPMI 1640 was
purchased from Invitrogen (Australia). Cells were washed
three times (300g, 10 minutes) and counted, and viability
was defined by lack of trypan blue staining.

Experimental Design

Macrophages were separated from normal BALB/c mice.
Activated macrophages were prepared by stimulation
with CPG DNA (Sigma, Australia). Different dosages of
resting macrophages (1 � 106, 2 � 106, 5 � 106) and
activated macrophages (1 � 103, 1 � 104, 1 � 105, 1 �
106) were transfused into mice by a single i.v. injection at
day 5 after ADR. Mice (n � 6 per group/at each time
point) were sacrificed at days 6, 14, and 28. At day 28,
functional (serum creatinine and urine protein) and histo-
logical measures of renal injury (histology and immuno-
histochemistry) were assessed.

Isolation of Infiltrated Macrophages from Mouse
Kidney

Warm saline (37°C) was perfused to the right heart atrium
under anesthesia to remove peripheral blood within
mouse kidney. Kidney tissue was then triturated in RPMI
1640 medium with the sterile syringes, and the resulting
cell suspension was filtered through 40 �m nylon mesh.
Mononuclear cells were separated using a step-gradient
sucrose separation procedure (Lymphoprep, Pharmacia,
Uppsala, Sweden). Purification of macrophages was per-
formed by positive selection using magnetic activated
cell sorting CD11b� MicroBeads.

Macrophage Purity and Characteristics

For flow cytometry detection, macrophages were incu-
bated at 4°C for 20 minutes with Fc Block (PharMingen,
San Diego, California) and were used for double-staining
of cell surface and intracellular activation markers as
described previously. Briefly, the cells were stained for
30 minutes at 4°C in staining buffer (PBS, 1% bovine
serum albumen) with fluorescence-conjugated mAbs for
cell surface activation molecules major histocompatibility
complex class II and CD86 together for 30 minutes or
CD11b, CD11c (dendritic cell marker), CD19 (B cell
marker), and CD49b (natural killer cell marker). After Ab
staining, cells were analyzed by flow cytometry on a
FACScan with CellQuest software (Becton Dickinson,
Mountain View, CA) gated to exclude nonviable cells. At
least 10,000 viable cells were analyzed per sample. Cells
stained with isotype-matched antibodies were used as
isotype controls for fluorescence activated cell sorting
analysis. For detection of CCL-2, CCL-3, and inducible
nitric oxide synthase (iNOS) expression in kidney macro-
phages, cells were homogenized and the total RNA was
isolated using RNeasy Mini Kit (Qiagen). cDNA was syn-
thesized with a reverse transcriptase reaction using a
standard technique (Superscript First Strand Synthesis
System for RT-PCR, Invitrogen). The PCR primer se-
quences used in this study were designed using Oli-
goperfect software (Invitrogen) and are presented in
Table 1. Primers were designed to span intron-exon
boundaries. For RT-PCR, a 0.2 �g portion of cDNA was
used in a 25 �l PCR mixture with 2 ng/�l of each primer
and 2U of TaqDNA polymerase (Roche). Housekeeping
gene 18S was used as the endogenous control. PCR
products after amplification were analyzed by 1.5%

Table 1. Real-Time PCR Primers and Products

Gene Primer sequence (5�. . . 3�) Product

CCL3 (F) tgcccttgctgttcttctct 124
CCL3 (R) gatgaattggcgtggaatct
iNOS (F) caccttggagttcacccagt 170
iNOS (R) accactcgtacttgggatgc
TNF-� (F) gctgagctcaaaccctggta 118
TNF-� (R) cggactccgcaaagtctaag
CCL2 (F) cccaatgagtaggctggaga 125
CCL2 (R) tctggacccattccttcttg

F, forward; R, reverse.
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agarose gel electrophoresis. For real-time PCR, mRNA
levels were quantified using the Rotogene-3000 Real-Time
Thermo cycler (Corbett Research, Australia). PCR mixtures
containing 0.3 �mol/L primers in 25 �l final SYBR mastermix
(Invitrogen) were cycled for 2 minutes at 50°C, 2 minutes at
95°C followed by 40 cycles of 15 seconds at 95°C, 30
seconds at 55°C, and 30 seconds at 72°C. The normalized
value for mRNA expression in each sample was calculated
as the relative quantity of relevant primers divided by the
relative quantity of the housekeeping gene 18s.

Serum and Urine Analysis for Renal Function

Serum creatinine concentration and 16 hour urinary protein
excretion at the end of experiment were analyzed by the
Institute of Clinical Pathology and Medical Research, West-
mead Hospital, using a BM/Hitachi 747 analyzer (Tokyo,
Japan).

Histological and Microscopic Preparation of
Tissues

Kidneys were rapidly removed on day 7, day 14, and day
28. Coronal sections of renal tissue were immersion-fixed
in 10% neutral-buffered formalin and embedded in par-
affin. Sections 5 �m thick were stained with trichrome.
The remaining cortex of the same kidney was frozen in
liquid nitrogen and used for RNA analysis and immuno-
histochemistry. To evaluate the degree of renal injury, 20
fields of view/section at a magnification of 200� were
assessed and the degree of renal injury was estimated by
evaluating the percentage of renal injury per field and
was graded on a scale of 0 to 4: 0, normal glomeruli,
tubules and interstitial volume; 0.5, small focus of glomer-
ular and tubular injury and interstitial infiltration; 1, in-
volvement of �10% of the cortex; 2, involvement of up to
25% of the cortex; 3, 26%�75% of the cortex; and 4,
extensive damage involving �75% of the cortex.24

For immunohistochemical staining of macrophages,
rat anti-mouse F4/80 (PharMingen) and CCL2 (Santa
Cruz) were used as the primary antibody and biotinylated
rabbit anti-rat Ig (Dako Corporation, USA) was used as
the secondary antibody. Kidney sections were placed in
ornithine carbamoyltransferase (Sakura Fintek Inc, USA).
Five-�m sections were cut, dried overnight, and fixed in
cold acetone for 8 minutes. Endogenous peroxidase ac-
tivity was blocked by 0.3% (v/v) H2O2 solution for 15
minutes when incubating the slides. Biotin Blocking Sys-
tem (Dako) was used to block endogenous avidin bind-
ing activity. Normal rat immunoglobulin was used for
control sections. Sections were incubated with second-
ary antibodies, ABC, and 3, 3-diaminobenzidine sub-
strate-chromogen solution (Dako) were applied and then
washed. Slides were counterstained with hematoxylin
(Sigma). For assessment of interstitial infiltration, positively
stained cells located in the tubulointerstitial area only were
counted from more than 20 random cortical fields (magni-
fication 400�) in each section, and the numbers averaged
for each section, as previously described.11

For immunohistochemical staining of �-SMA, tissue
sections were dewaxed and dehydrated according to
standard protocols. For antigen retrieval, the sections
were placed in 10 mmol/L citric acid buffer (pH 6.0) and
incubated in a preheated water-bath maintained at 95°C
for 15 minutes. Endogenous peroxidase was blocked
with hydrogen peroxide in methanol (3% [v/v]) followed
by the blocking with Biotin Blocking System from Dako
and Blockbuster. A rabbit anti �-SMA first antibody (Lab
vision) was applied for one hour at room temperature at a
concentration of 1:200. After incubation with biotinylated
anti-rabbit second antibody (1:400), the sections were
developed using the same protocols as the above.

For detection of tubular chemokine expression in AN,
the level of chemokine mRNA expressed in tubules of AN
mice was analyzed by Laser Capture MicroDissection
(Microlaser Technologies AG, Bernried, Germany) of or-
nithine carbamoyltransferase (Tissue-Tek, Sakura Ri-
netek, Torrance, CA) frozen tissue sections and real-time
PCR. Ornithine carbamoyltransferase-embedded frozen
kidney cortex was cut in 10-�m sections and mounted on
diethyl pyrocarbonate-pretreated glass slides, fixed in
70% ethanol and briefly stained in Mayers Hematoxylin,
then laser captured immediately into lysis buffer (Abso-
lutely RNA Nanoprep Kit; Stratagene, La Jolla, CA) under
x200 magnification. mRNA from microdissected tubular
samples was amplified by real-time PCR to detect the
expression of chemokines and prepared as above.

In Vivo Transferred Macrophages Tracking

For macrophage in vivo tracking, macrophages were la-
beled with red fluorescent membrane label, DiI (Invitro-
gen) according to the manufacturer’s instructions, and
harvested into serum-free medium immediately before
injection. In brief, 50 �g DiI was dissolved into 50 �l pure
ethanol. To a one-million cell suspension in 1 ml RPMI
1640, 4 �l DiI was added for 10 minutes incubation at
37°C, followed by 15 minutes incubation at 4°C. Cells
were transfused into SCID mice by a single tail vein
injection at day 6 after ADR. Kidney tissue slides were
visualized under fluorescence microscopy and the red
fluorescent cells were considered to be transfused mac-
rophages. The viability and phenotype of macrophages
were determined by Trypan blue and real time-PCR.

Macrophage Chemotaxis Assay

The assay of chemotaxic cell migration was performed
using enhanced chemiluminescence Cell Invasion Assay
(Millipore, Australia) (whose insert contains a 5 �m pore
size membrane). Resting or activated macrophages were
loaded into an upper chamber coated with ECM at the
density of 2 � 105 cells/100 �l of 0.1 ml serum-free RPMI
1640. The lower chamber was loaded with graded con-
centrations of monoclonal antibody CCL-2 (BD Australia)
(0, 50, 100, and 300 �g/ml RPMI 1640 medium). The
plates with cells were incubated for 8 hours at 37°C in a
CO2 incubator. Migrating cells on the bottom of the insert
were incubated with 150 �l of prewarmed Cell Detach-
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ment Buffer for 30 minutes, dissociated from the mem-
brane, and detected by CyQuant GR dye. Absorbances
(OD480 and OD530) were read using a fluorescence
plate reader and protein concentrations calculated using
a standard curve generated with known concentrations of
CCL-2 antibody.

Statistical Analysis

Renal functional data (serum creatinine and urine protein)
were log transformed before analysis to stabilize the vari-
ance. The statistical package SPSS for windows version
14 was used to analyze the data. Analysis of variance
was used to test for an association between the log
transformed outcome and treatment (one way analysis of
variance). The pairwise comparisons between treatments
were adjusted for multiple comparisons using the Bon-
ferroni technique. Other data analysis was performed
directly by one-way analysis of variance (analysis of vari-
ance) for multiple comparisons of parametric data, and
the Kruskal-Wallis test for nonparametric data. Results
are expressed as the group mean � SEM. A P value of
less than 0.05 was considered statistically significant.

Results

Macrophage Characteristics in Vitro and in Vivo

Macrophages were obtained from spleen of BALB/c mice.
Following purification, the fraction of CD11b positive cells
was 96%, while CD11c, CD19, and CD49b positive cells
accounted for less than 1%. The expression of MHC class II
and CD86 by activated macrophages was stronger in com-
parison to that of resting macrophages. INOS expression by
activated macrophages was significantly greater than by
resting macrophages (Table 2).

Macrophages were also isolated from kidney of AN
mice at day 28. INOS and CCL3 gene expression of renal
macrophages was significantly up-regulated in all AN
mice transfused with activated macrophages (except at
the dose of 1 � 103 macrophages) in comparison to AN
mice transfused with resting macrophages (Figure 1).

In Vivo Tracking of Transfused Macrophages

One to five million fluorescently labeled resting, or 1 �
103 to 1 � 106 activated macrophages were injected via
tail vein at day 6 post ADR or into control normal mice.
Fluorescently labeled cells were distributed to kidney,

spleen, and liver of AN mice 24 hours after transfer.
Interestingly there was no trace of fluorescently labeled
cells in lung and heart 24 hours after transfusion. Few of
these cells were seen in spleen and liver at day 14 (8
days post transfusion) and none was detectable at day
28 in AN mice transfused with activated macrophages,

Table 2. Properties of Resting Macrophages and Activated Macrophages

Properties Assay procedures RM AM

CCL3 mRNA expression RT-PCR � �
iNOS mRNA expression RT-PCR � �
TNF-� protein expression Western Blot � �
CCL2 expression Western Blot � ��
MHC class II expression FACS 1.5% 33.6%
CD86 expression FACS 42.8% 92.6%

RM, resting macrophages; AM, activated macrophages.
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Figure 1. Cytokine expression of macrophages isolated from AN kidney at
day 28 of mice transfused with resting (RM) or activated (AM) macrophages.
The expression of CCL2, CCL3, iNOS, and TNF-� mRNA was assessed by
real-time PCR. *P � 0.05 vs. non-asterisked groups.

1494 Wang et al
AJP June 2008, Vol. 172, No. 6



whereas in AN mice transfused with resting macro-
phages, their number in liver and spleen remained con-
stant. In contrast, transfused activated macrophages from a
dose of 1 � 104 accumulated progressively in kidneys up to
day 28 after ADR. This phenomenon of macrophage migration
in kidneys was less marked with resting macrophages, even
with transfusion with as many as 5 � 106 cells per mouse
(Figure 2, A and B, and Table 3).

Macrophage Infiltration and Chemotactic
Motility

In AN mice, transfusion of 1 � 104 activated macro-
phages induced a 30% rise in numbers of F4/80-positive
macrophages within the renal interstitium. This increase
in F4/80-positive cells was not seen in AN mice trans-
fused with 103 activated macrophages, nor in mice trans-

Figure 2. A: In vivo tracking of transfused macrophages in AN kidney. Representative fluorescence photomicrographs showing transfused resting (RM) and
activated (AM) macrophages in kidney at day 7, 14, and 28 after ADR, following macrophage transfusion at day 6. B: Quantitation of transfused resting and
activated macrophages in spleen, liver, and kidney at day 7, 14, and 28 after ADR, following macrophage transfusion at day 6. There were no transfused AM seen
in liver following transfusion at a dose of 103 and 104. Error bars are omitted for clarity (also see Table 3). Original magnification �200.

Table 3. Quantitative Analysis of Tissue Distribution of Transfused Resting or Activated Macrophages after Transfusion on Day 6
after ADR

RM AM

106 5 � 106 103 104 105 106

Liver
D7 1.56 � 0.51 2.04 � 0.79 � � 0.85 � 0.27 1.37 � 0.48
D14 1.43 � 0.42 1.69 � 0.51 � � � 0.32 � 0.14
D28 1.28 � 0.43 1.55 � 0.36 � � � �

Spleen
D7 3.21 � 1.18 7.03 � 1.94* 0.28 � 0.11 2.91 � 0.98 3.22 � 1.38 3.04 � 0.92
D14 2.53 � 0.74 5.59 � 1.33* � 0.83 � 0.24 1.76 � 0.39 1.45 � 0.58
D28 2.16 � 0.75 5.87 � 1.39* � � � �

Kidney
D7 � � � � � �
D14 0.93 � 0.36 1.46 � 0.42 0.36 � 0.11 2.85 � 0.88* 3.57 � 0.96* 3.84 � 0.87*
D28 1.22 � 0.48 1.83 � 0.59 0.86 � 0.27 4.67 � 1.12* 6.29 � 1.74* 7.34 � 1.93*

The numbers represent counted DiI-labeled cells per hpf at 400� magnification.
�, occasional cells, too few to quantitate; D, day after ADR; RM, resting macrophages; AM, activated macrophages.
*P � 0.05 vs. non-asterisked groups at each time point.
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fused with resting macrophages in doses up to 5 � 106

(Figure 3 and Table 4).
Migration of resting and activated macrophages with

or without addition of CCL2 was examined using the ECM
migration chamber assay. In response to CCL2, acti-
vated macrophages demonstrated much greater motility
than resting macrophages (Figure 4A).

The expression of chemokine receptors by RM and AM
was also examined. CCR2 mRNA expression was greatly

increased, while CCR3 mRNA expression was mildly in-
creased with AM compared to RM (Figure 4B).

The Expression of Chemokines and Cytokines
in AN

CCL2 expression was examined in the cortex of AN mice
by immunohistochemistry. CCL2 was strongly expressed

Figure 3. A: Effect of macrophage transfusion
on histological injury, macrophage accumula-
tion, and fibrosis of AN. Representative Gomori
trichrome, �-SMA, and F4/80 stained sections of
renal cortices at day 28 (magnification �200)
from AN mice transfused with vehicle (a), 5 �
106 resting macrophages (b), 104 activated mac-
rophages (c), 103 activated macrophages (d)
(n � 6 per group). The injury caused by 105 and
106 AM was no different to that caused by
104AM. B: Semiquantitative assessment of kid-
ney injury. Each evaluation represents the
mean � SEM. *P � 0.05 vs. other three groups
(n � 6 per group).

Table 4. Quantitative Analysis of the Proportion of Trichrome-Positive Area, �-SMA-Positive Area, and Number of F4/80-Positive
Cells within Interstitium of AN Mice at Day 28 after ADR

AN � Vehicle
AN � 106

RM
AN � 5 � 106

RM
AN � 103

AM
AN � 104

AM
AN � 105

AM
AN � 106

AM

Trichrome-positive
area (%)

9.44 � 3.11 9.86 � 3.05 10.82 � 3.49 11.41 � 4.56 19.09 � 5.27* 20.77 � 5.57* 21.09 � 7.40*

�-SMA-positive
area (%)

5.07 � 1.49 5.29 � 1.81 5.64 � 1.77 6.46 � 2.24 14.77 � 4.31* 15.15 � 5.51* 15.69 � 5.36*

F4/80-positive
cells (numbers)

38.45 � 11.28 40.23 � 10.52 42.45 � 11.26 44.80 � 10.83 69.45 � 15.85* 71.45 � 12.67* 73.25 � 17.04*

*P � 0.05 compared to non-asterisked groups.
RM, resting macrophages; AM, activated macrophages.
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in injured tubule cells, and moderately expressed in glo-
merular and interstitium (Figure 5A).

CCL2 and other chemokines in tubule cells were ex-
amined quantitatively by laser capture microdissection
and real-time PCR. Significantly higher levels of CCL2
and interleukin-1� gene expression were detected in tu-
bules 4 weeks after ADR as compared with normal con-
trol (Figure 5B).

Effects of Transfused Macrophages on Renal
Injury

Transfusion of as few as 1 � 104 activated macrophages
per mouse induced progressive fibrosis, whereas trans-
fusion of up to 5 � 106 resting macrophages per mouse
had no effect on interstitial fibrosis in comparison with AN
controls. Similarly, there was much stronger �-SMA ex-
pression in mice transfused with 1 � 104 activated mac-
rophages, but not those transfused with resting macro-
phages in doses up to 5 � 106 in comparison with control
AN mice (Table 3 and Figure 3).

Both serum creatinine and urinary protein excretion at
day 28 were significantly worse following transfusion with
activated macrophages in doses as low as 1 � 104 (but
not 1 � 103) per mouse, but were unaffected by resting
macrophages in doses up to 5 � 106 per mouse (Figure
6). Transfusion of culture medium from final stages of
macrophage preparation (before their transfusion) had
no effect on kidney function or structure in normal or AN
mice (data not shown).

Discussion

In this study we provide evidence that renal injury mediated
by macrophages in chronic kidney disease depends more
on macrophage activation status than on dose. Transfusion
of activated macrophages but not resting macrophages
worsened renal glomerulosclerosis, interstitial inflammation
and fibrosis, and functional impairment in AN SCID mice.

Perhaps the most striking finding in this study is that
with a dose as low as only 1 � 104 activated macro-
phages per mouse, kidney injury was significantly worse
than in untransfused AN mice, yet a dose 500 times
higher (5 � 106) of resting macrophages had no effect.
This finding emphasizes the importance of macrophage
activation status in causing or exacerbating kidney injury.
Activation status of macrophages has been examined in
several studies. One such study examined the properties
and responsiveness to cytokines of macrophages puri-
fied from normal and nephritic glomeruli and found that
macrophages from normal glomeruli did not generate
nitric oxide spontaneously but only after treatment with
interferon-� and tumor necrosis factor (TNF)-�.25 Inter-
estingly, another study using the unilateral ureteric
obstruction model found that wild-type mice reconsti-
tuted with marrow lacking the Agtr1 gene (Agtr1 (�/�))
developed more severe interstitial fibrosis with fewer
interstitial macrophages than those in mice reconsti-
tuted with Agtr1 (�/�) marrow. In vivo assays revealed
a significantly impaired phagocytic capability of
Agtr1(�/�) macrophages.26
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Figure 4. CCL-2-mediated macrophage chemo-
taxis and expression of chemokine receptors. A:
Macrophage chemotaxis toward CCL-2 was
tested for 8 hours. 20,000 cells were used in
each assay and fluorescence was determined as
described in methods. (**P � 0.01 compared to
RM group). B: mRNA expression of chemokine
receptors in RM and AM was examined by mi-
crodissection and real-time PCR (*P � 0.01 and
**P � 0.001 compared to RM group).

Figure 5. Expression of cytokines and chemokines in AN. A: CCL2 staining, left: normal kidney; right: AN kidney. B: mRNA expression of chemokines and
cytokines in tubules of AN (*P � 0.001 compared with normal controls).
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The mechanisms underlying the exacerbation of renal
injury by activated macrophages were examined in present
study. First, activated macrophages expressed high levels
of MHC II and CD86, which are important molecules in the
initiation of adaptive immune responses. Secondly, acti-
vated macrophages expressed inflammatory mediators in-
cluding nitric oxide and TNF-�, which are known to cause
renal injury directly. It is noteworthy that macrophages sep-
arated from AN kidney more than 3 weeks after transfusion
still exhibited up-regulated inflammatory cytokine expres-
sion that was similar to that of the macrophages immedi-
ately after initial activation. Studies from Rees’ group dem-
onstrated that macrophages separated from a focus of
immunologically mediated inflammation in nephrotoxic ne-
phritis were programmed in vivo, and were unresponsive to
activating cytokines such as interleukin-4, transforming
growth factor-�, and TNF-�.25 Their studies raised the ques-
tion of whether macrophage function alters with time during
the resolution of inflammation. In the current study trans-
fused macrophages appeared to maintain their activation
status within the inflammatory focus during the progression
of renal injury.

Macrophage recruitment to the kidney is an important
step in initiation of inflammation and tissue destruction.27

As expected, transfused resting macrophages were dis-
tributed mostly to spleen and liver at different time points
after transfusion. The number of transfused macro-
phages in spleen and liver did not change significantly
with time for transfused resting macrophages but fell for

activated macrophages. In contrast, transfused activated
macrophages in doses as low as 1 � 104 per mouse
accumulated progressively at the site of injury (the kid-
ney), but not in other organs up until day 28. Interestingly,
transfusion of resting macrophages in doses up to 500
times greater than those of activated macrophages did
not result in significant macrophage accumulation in in-
jured kidney. Moreover there was no significant difference
in the number of transfused activated macrophages, as well
as total macrophages at the site of injury (kidney) across a
100-fold dose range of transfused macrophages (1 � 104 to
1 � 106). This is the likely explanation for why the effect of
activated macrophages on structural and functional injury
was not dose-dependent across this range. It is unknown
whether a greater chemotactic stimulus could increase re-
nal macrophage accumulation nor whether this could ex-
acerbate injury to a greater extent.

To clarify why activated macrophages more effectively
accumulate in sites of injury, macrophage motility in re-
sponse to CCL2 was examined. This study showed that
activated macrophages demonstrated greater motility in
response to CCL2 than resting macrophages. These data
suggest that enhanced responsiveness of activated mac-
rophages to chemotactic stimuli could be a key factor
determining their accumulation at sites of injury. In this
study, activated macrophages also expressed higher
CCR2 than resting macrophages. Izikson et al have re-
ported that CCR2 expression is consistent with the ability
of monocytes to traffic to inflammatory sites.28 In this
study, activated macrophages showed higher levels of
CCR2 compared to resting macrophages. Furthermore
Xu et al also showed that inflammatory monocyte recruit-
ment to inflamed tissue is consistent with reduction of
CCR2� cells in circulation after adoptive transfer of bone
marrow derived macrophages.29

An unexpected finding in this study was that transfu-
sion of resting macrophages did not exacerbate kidney
injury in comparison to that of untransfused AN mice,
even at doses 500 times higher than that at which acti-
vated macrophage exacerbated injury. This result con-
trasts with that of Nikolic-Paterson’s group who reported
that transfusion of resting macrophages increased pro-
teinuria and mesangial cell proliferation in anti-GBM ne-
phritis.15 The explanation for these contrasting results
may relate to differences in the models, with AN being
primarily a model of innate immunity and anti-GBM ne-
phritis of adaptive immunity. Acuteness of disease may
be another determinant of whether resting macrophages
can exacerbate injury.30 Moreover, under appropriate
conditions, resting macrophages serve as a reservoir for
activated macrophages. This has been demonstrated in
a two-shot model of Thy 1.1 nephritis, in which resting
macrophages become activated by interferon only after a
second dose of anti Thy 1.1 antibody.31

Another notable observation in the present study is that
of the large number of renal cells that were positive for
�-SMA after transfusion of activated macrophages. This
finding suggests that activated macrophages may di-
rectly or indirectly increase the number of �-SMA-ex-
pressing myofibroblasts. In unilateral ureteric obstruction
and diabetic nephropathy, macrophage accumulation is
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accompanied by the development of fibrotic lesions follow-
ing the rapid accumulation of interstitial myofibroblasts.
Support for a direct role for macrophages in increasing
myofibroblast numbers comes from an in vitro study of hep-
atoma cells where conditioned medium from activated
macrophages induced epithelial-mesenchymal transition
and down-regulated the E-cadherin/�-catenin complex.32

In conclusion, this study demonstrates the importance
of activation status in determining whether and to what
extent macrophages cause or exacerbate renal injury.
Activated macrophages, but not resting macrophages
increased renal injury in murine AN. Under situations in
which activated macrophages are shown to be patho-
genic, therapeutic targeting of activated macrophages
rather than all macrophages is likely to be a more effec-
tive approach to treating progressive renal disease.
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